Background
This test was conducted as part of the U.S. Department of Energy's (DOE) Independent Testing project. This project was established to help reduce the barriers to wind energy expansion by providing independent testing results for small turbines. Five turbines were tested at the National Wind Technology Center (NWTC) as a part of round one of this project. Duration testing is one of up to five tests that may be performed on the turbines, including safety & function, power performance, noise, and power quality tests. Test results provide manufacturers with reports that can be used to fulfill part of the requirements for small wind turbine certification.
The test equipment included a grid connected Entegrity Wind System's EW50 wind turbine mounted on a 30.5-m (100-ft) monopole.
Test Objective and Requirements
The objective of this test was to assess the following aspects of the Entegrity EW50 in accordance with Clause 9. The major parts of this test are to investigate:
• Structural integrity and material degradation • Quality of environmental protection • The dynamic behavior
The wind turbine will pass the duration test when it has achieved reliable operation for:
• 6 months of operation • 2,500 hours of power production in winds of any velocity • 250 hours of power production in winds of 1.2*V ave (10.2 m/s) and above • 25 hours of power production in winds of 1.8*V ave (15.3 m/s) and above.
Reliable operation means:
• Operational time fraction of at least 90%
• No major failure of the turbine or components in the turbine system • No significant wear, corrosion, or damage to turbine components • No significant degradation of produced power at comparable wind speeds.
Based on the parameters defined in the Standard for small wind turbine classes, Entegrity Wind Systems identified the Entegrity EW50 turbine as class II. This corresponds to a V ave of 8.5 m/s.
In addition, this test was conducted in accordance with NREL's quality system procedures; this report will meet the full requirements of its accreditation by A2LA. NREL's quality system requires that this report meet all applicable requirements specified by A2LA and ISO/IEC 17025 or to note any exceptions in the test report.
Description of Test Turbine
The test turbine was an Entegrity EW50 wind turbine. It has an advertised rated power of 50 kilowatts (kW). The EW50 is manufactured by Entegrity Wind Systems Inc. and is a downwind, three-blade, passive-yaw, horizontal-axis wind turbine. The blades are fixed pitch, and the turbine employs an asynchronous generator that operates at a fixed speed to deliver threephase electric power at 60 Hz. Table 1 lists the configuration of the Entegrity EW50 that was tested at the NWTC. Figure 1 is a picture of the EW50 at the NWTC.
Figure 1. Entegrity EW50 test turbine at the NWTC (PIX# 22243)
The EW50 wind turbine was mounted on a 30.5-m (100-ft) monopole tower manufactured for the Entegrity EW50 by Maico Industries, Inc. The test turbine used a controller manufactured by Orbital A/S. The concrete mat foundation was installed per Entegrity designs by a third party, under contract to NREL. The system was installed in March 2009 by the NWTC Site Operations group with guidance and assistance from several Entegrity personnel.
The following components were considered part of the test turbine system:
• Tower and foundation designed for installation at the NWTC test site 1.E1
• All control components, including wiring between the up-tower components and the down-tower control panel • All wiring and components on the turbine side of the subpanel, which connects the turbine to the NWTC site electrical grid at the 1.E1 data shed. Figure 3 shows the general electrical arrangement of the test. The wire run from the controller at the base of the tower, to the point of grid connection at the data shed was approximately 100 m. The connection was made using 1/0 American Wire Gauge (AWG) wire for the three hot lines plus the neutral line, and a #2 AWG for ground line. The data shed housed the power instrumentation, disconnect switch, and data acquisition system (DAS). The transformer was located outside and adjacent to the data shed, which first stepped the voltage up to 480 V and then to 13.2 kV for the NREL grid. 
Description of Test Site
The test turbine was located at site 1.E1 at the National Wind Technology Center, located 8 km (5 miles) south of Boulder, Colorado. The terrain primarily consists of mostly flat terrain with short vegetation. The test site has prevailing wind bearing 292° relative to true north. Figure 3 shows the turbine and meteorological tower locations. This figure also shows nearby obstructions and topographical features of the site. 
Description of Instrumentation
Test instrumentation was installed in accordance to IEC 61400-12-1 for measuring wind speed, wind direction, turbine power, air temperature and air pressure. For duration testing, there were additional signals to monitor the rotor speed, generator speed, brake status, and overall turbine system availability. Figure 4 shows the location of the meteorological tower instruments and Table 2 provides an equipment list with the specifications for each of the instruments used. The power transducers were not compliant with class 0.5 (or better) specifications of the IEC 60688 "Electrical measuring transducers for converting alternating current (AC) electrical quantities to analogue or digital signals," but the transducers exceeded the minimum accuracy required by the Standard.
The current transformers were not compliant with class 0.5 (or better) specifications of the IEC 60044-1 "Instrumentation transformers -Part 1: Current transformers," but the transformers exceeded the minimum accuracy required by the Standard.
The data acquisition modules were used beyond the calibration due date. The modules were post-test calibrated and found to be in compliance within the specifications. Appendix B includes the post-test calibration sheets.
Results
The turbine was delivered to the NWTC in February 2009. The Entegrity EW50 was installed in March 2009. After a commissioning/shake-down period, which included replacing the parking brake solenoid, testing began on 2 April 2009.
Period of Testing
The Entegrity EW50 was under testing from 2 April 2009 until 23 August 2010, and from 14 October 2010 until 17 January 2011.
On 23 August 2010, the test team found capacitors in the power factor correction unit to be faulty and suspended the testing, preventing the EW50 from operating. On 14 October 2010, the test team decided to restart testing after determining that the failed capacitors did not constitute a major failure with reference to the Standard.
Months of Operation
The duration test was conducted over a period of approximately 18.5 months (not including the two months of suspended testing), exceeding the six month minimum required by the Standard.
The end of testing was determined by the need to recalibrate DAS modules. On 20 January, 2011 the Entegrity EW50 tip brakes would consistently deploy as soon as the rotor reached operational speed stopping the turbine. On that day, the Entegrity EW50 controller was turned off and the turbine did not operate again.
Hours of Power Production
The hours of power production at any wind speed: 2,807.6 hours (2,500 hours required)
The hours of power production above 1.2*V ave (10.2 m/s): 686.2 hours (250 hours required)
The hours of power production above 1.8*V ave (15.3 m/s): 161.9 hours (25 hours required)
The turbine therefore met the requirements for hours of power production during the test. Table  3 shows the overall and month-by-month results of the duration test. 
Operational Time Fraction
The operational time fraction is defined as follows:
where:
T T = total time period under consideration T N = time during which the turbine is known to be non-operational T U = time during which the turbine status is unknown T E = time which is excluded in the analysis
The overall operational time fraction of the combined wind turbine system in the total test period was 98.9%. The final column of The Entegrity EW50 turbine system experienced non-operational time, or downtime (T N ), for several reasons. The significant events are detailed below:
• 4 August, 2009 Four months into the testing, the controller universal power supply (UPS) failure resulted in three days of down time. To restore the EW50 to an operational state, Entegrity personnel bypassed the UPS and the EW50 was returned to normal operation.
• 15 January, 2010
A surge suppressor and a fuse failed. These were replaced by Entegrity personnel and the turbine was put back into service.
• April 2010
Two generator over-speed faults resulted in a total of about eight hours and 45 minutes of non-operational time. In each case this required a manual reset. NWTC personnel reset the turbine per EW50 operating instructions.
• 12 December, 2010
Over-current fault. This fault was automatically reset by the EW50 controller, and the EW50 resumed normal operation within 10 minutes from the time of the fault.
The main reasons for excluding time (T E ) in the duration test were:
• Suspension of testing between 23 August 2010 and 14 October 2010, as mentioned above in section 6.1 Period of Testing • Time during power outages that prevented the turbine from running • Noise or safety and function testing that required the turbine to be shutdown • NWTC initiated inspections of the EW50.
If no reliable measurements were available, the time was classified as unknown (T U ) because the turbine's status was unknown. These were primarily when the DAS was off (maintenance or power outage) or when both anemometers were iced.
Environmental Conditions
During the test period, the highest instantaneous wind speed was 44 m/s during November 2010. The average turbulence intensity at 15 m/s during the test was 19.7%.
Power Degradation Checks
For the power degradation analysis, the average power for each wind speed bin is plotted as a function of time over the whole test period. This plot is analyzed for any obvious trends in power production. This plot is shown in Figure 5 . Figure 5 shows the power level in individual wind speed bins for each month. The apparent degradation in power at 22 m/s for November 2010 is due to the EW50 reaching its high-wind cut-out twice in one wind event. This cut-out data was not filtered-out and the 10-minute delay before resuming power production lowered the 22-m/s average power value.
The lower power production for wind speed above 17 m/s in January 2011 is attributed to highwind cut-outs. During January 2011, there were seven instances in which winds exceeded the EW50's high-wind cut-out (25 m/s) several times during each event. During each cut-out, the EW50 did not operate for at least 10 minutes. If the average wind speed during the 10-minute shut-down period was less than 20 m/s, the turbine would resume operation. However, these non-operational periods were not filtered out from the power degradation plot because they are not considered faults since the turbine is designed to shut down in very high winds and wait for winds below 20 m/s. Inclusion of these shut-down periods therefore lowered the average power for several wind speed bins. NWTC recorded the following observations during this time:
• The EW50 produces a significant gearbox noise. When the generator was operating exactly at synchronous speed, the turbine was relatively quiet, but was not quiet when operating sub-synchronously or super-synchronously. When the brakes were deployed, there was a significant amount of noise. The parking brake deployment brought the rotor to stop very quickly and slammed the tip brakes back to their stow/operate position, causing a shudder through the entire tower. Although vibrations could be felt in the tower and sometimes seen, the vibrations were not deemed excessive. (Accelerations on the EW50 were not measured.) • Yaw oscillations can be severe at times, particularly in gusty winds. The rotor would occasionally swing 60° in approximately one second.
• In gusty winds, the rotor can get stuck upwind, which, in winds below approximately 10 m/s, appeared almost as dynamically stable as downwind. In winds above 15 m/s the turbine rarely operated in the upwind position.
• In winds around 4.5 m/s, the brakes release. This could be heard near the tower. The turbine requires winds greater than approximately 5.5 m/s to freewheel up to synchronous speed.
• In winds around 5 m/s, the generator may motor up the rotor. Witnessed motoring up events lasted up to about three seconds. These were loud and caused some vibration to the turbine. With the inertia of a spinning rotor, if winds were above 6 m/s the turbine rotor could quickly increase to operational speed. If winds were less than 5.5 m/s the rotor speed gradually fell, never reaching synchronous speed.
Post-test Inspection
NWTC conducted part of the post-test inspection on 25 January 2011, while the EW50 was still installed. The rest of the post test inspection was conducted after 18 August 2011, when the EW50 was decommissioned and partially disassembled.
The EW50 tip-brakes are aluminum and a circular steel plate attached to the tip brake is attracted to the electromagnetic, which keeps the brakes in place during normal operation. On 25 January 2011, the rubber bushing that connects the tip-brake to the steel plate was discovered to have deteriorated on one tip brake (see Figure 7 and Figure 8 in Appendix A). Without a properly fitting rubber bushing, the tip brake can move a few degrees around its hinge point, which changes its aerodynamics. However, when the bushings were replaced at the end of January 2011, the EW50 still experienced premature tip brake deployment.
During the 18 August 2011 tear-down and inspection, corrosion was found in the electrical connections to the tip brake's electrical magnet. This could be the cause of the early tip brake deployment failures, but this was not tested. The blades were in good condition and no cracks were found.
On 24 August 2011, the gearbox oil was drained. The oil contained significant contamination. The gears were not inspected because it was difficult to access them without taking the gearbox apart.
Pictures of the inspections are provided in Appendix A.
Uncertainty
The uncertainty is estimated for the following parameters:
• Hours of power production
No uncertainty analysis was done for the power degradation results. These results were used only to find relative trends, which might indicate deterioration in the turbine's performance.
Hours of Power Production
The turbine can be assumed to be producing power for the entire 10-minute period whenever the average power for that period is positive and winds are below the 25 m/s threshold. This method overestimates time for power production in average wind speeds around 6 m/s. When the 10-minute average wind speed is close to 6 m/s, the turbine may have been producing power for less than half of the time recorded. At higher wind speeds, this method produces less of an overestimate. However, this overestimate is offset because in low wind speeds, the EW50 continues to operate at rated rotor speed by consuming power for 10 minutes before the controller disconnects the generator form the grid. Therefore, any 10-minute period that has positive power and winds below cut-out represents at least a continuous 10-minute period in which the EW50 was operating. While the EW50 was operating (generating or consuming power), wear accumulated on the entire turbine system.
For the hours of power production above 10.2 m/s and 15.3 m/s, the uncertainty in the wind speed is assumed to be the dominant uncertainty factor. Assuming an uncertainty in wind speed of 0.3 m/s, the hours of power production reduces to 664.67 (above 10.5 m/s) and 157.67 (above 15.6 m/s); this is still well over the 250 and 25 hours that are required.
The tool used at the NWTC does not accurately account for switching from standard to daylight savings times, even though the time stamp on the data reflects this switch. It is assumed the net effect on results is negligible, even though its affects can be seen in the values of T U for November 2009 and 2010 and March 2010.
Operational Time Fraction
If there was a failure at any time during a 10-minute period, the entire 10-minute period was classified as downtime (T N ). This means that the 98.9% is the lower bound of the operational time fraction.
Environmental Conditions
The maximum deviation in anemometer measurements for the calibration range is 0.032 m/s, which results in a standard uncertainty of 0.02 m/s. The calibration range was only to 16 m/s; thus, an extrapolation to 44 m/s could be unreliable. However, it is assumed that the standard uncertainty of calibration is consistent at 0.02 m/s. Combining the calibration uncertainty with operational characteristics (0.052 m/s + 0.52%), mounting effects (1%), and terrain effects (2%), while assuming DAS uncertainty is negligible for the maximum instantaneous gust of 44 m/s, the resulting cumulative uncertainty is 1 m/s.
Standard deviation of wind speed is used for the Turbulence Intensity (TI) calculation. Average wind speed at 15 m/s has an uncertainty of 0.4 m/s, resulting in a TI estimate of between 19.2% and 20.2%.
Deviations and Exceptions

Deviations from the Standard
As explained in Section 5, Description of Instrumentation:
• The power transducer was not compliant with IEC 60688, but exceeded the minimum accuracy required by the Standard. This should have no effect on results or uncertainty, but it is in exception to the Standard.
• The current transformers were not IEC 60044-1, but exceeded the minimum accuracy required by the Standard. This should have no effect on results or uncertainty, but it is in exception to the Standard.
Deviations from Quality Assurance
The data acquisition modules were used beyond the calibration due date. They were post-test calibrated and found to be in compliance within the specifications. Appendix B includes the posttest calibration sheets. 
